We designed three mini multiplex PCR systems using single-base extension reactions to identify Japanese Y chromosome haplogroups. We selected a group of 22 Y chromosome single nucleotide polymorphisms (SNPs) from the haplogroups most commonly reported in East Asia. To make the systems more useful in analyzing degraded DNA samples, we designed primers to render amplicons of ≤150 bp. Applying these systems, we classified the Japanese population into major haplogroups and confirmed the applicability of these systems in forensic DNA analysis.
Introduction
Short tandem repeat (STR) markers are highly effective in determining personal identity, and Y chromosome STR loci and population genetic data from a wide range of ethnic groups are now routinely used in forensics [1] [2] [3] [4] . While SNPs have also been applied in kinship testing, more of these binary markers than STRs are required to be useful. However, SNPs have certain advantages over STRs, including much greater mutational stability and good performance when typing highly degraded DNA [5] [6] [7] . The Y chromosome carries the largest amount of non-recombining DNA and contains stable binary markers that can be used in evolutionary studies. Y chromosome SNPs typing can help trace the origins and history of human populations by tracking migrational patterns [8] .
The human Y chromosome tree contains 20 major clades, consisting of 311 distinct haplogroups defined by hundreds of binary markers [9, 10] . To classify the Japanese population, we selected haplogroups C, D, and O, reported as major haplogroups in Japan and East Asia, and haplogroups N and Q, found at low frequencies in Japan [9, 11] . Recent reports indicate that much of the Japanese population can be subdivided into sub-haplogroups D2 and O2 [9] . We established three mini multiplex PCR systems to classify the Japanese population. System 1 is capable of classifying the Japanese population into the major clades C, D, D1, D2, D3, O, O1a, O2, O3, N, and Q. System 2 subdivides clade D2; System 3 subdivides clade O2. These PCR systems use single-base extension (SBE) reactions.
The goal of this study was to develop methods for analyzing difficult DNA samples encountered in forensics. The analysis of highly fragmented DNA or samples containing PCR inhibitors using commercially-available STR typing kits often fails to resolve informative profiles. Several methods have been proposed to remove the inhibitors or reduce their effects. MiniSTR analysis allows us to analyze degraded DNA samples efficiently by obtaining short PCR products [12] [13] [14] [15] [16] . We focused on Y chromosome SNPs used in haplogroup classification and applied the present systems to personal identification tasks. The advantage of using the simultaneously detected multiplex system of Y chromosome SNPs is the capacity to predict the haplogroup even if the typing of the alleles is incomplete.
To make the systems more useful with such samples, we designed primers to render amplicons of ≤150 bp.
We analyzed highly degraded DNA to determine the efficacy of these multiplex systems.
Materials and methods

Samples and DNA extraction
This study was approved by the Ethics Committee of Shinshu University. After obtaining informed consent, we collected samples from 432 healthy unrelated adult Japanese males representing virtually every prefecture in Japan (including Hokkaido and Okinawa) and extracted DNA from blood or buccal mucosa cells using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). We also extracted DNA from various male bone samples by SDS-proteinase K treatment followed by phenol/chloroform extraction.
Primer design and multiplex PCR amplification
We selected 22 SNPs from the non-coding regions of the Y chromosome using the phylogenetic tree of Y chromosome haplogroups, focusing on Japanese groups (Fig. 1 When SNP analysis was performed using female DNA as a template or negative control, no PCR bands were detected. Non-expected peaks were occasionally visible, but these peaks did not affect SNP evaluations.
Most of the Japanese population can be classified using these three mini Y chromosome SNP multiplex systems. Table 1 shows the frequency for the Japanese population. Mutations RPS4Y711 (haplogroup C), IMS-JST021355 (haplogroup D), and P191 (haplogroup O), respectively, were 8.3%, 30.3%, and 59.0%, haplogroup frequencies similar to those found in past studies [18] [19] [20] [21] . Using Systems 2 and 3, we subdivided populations of haplogroups D2 and O2. In this survey, haplogroup D2a1b (16.2%) was the most frequent in Japanese haplogroup D populations and haplogroup O2b (32.2%) the most frequent in the haplogroup O population. The haplogroup frequencies observed in haplogroup D2 and O2 were similar to those reported in previous studies [19, 20] .
We also investigated the effectiveness of our systems in analyzing degraded samples. We re-analyzed a set of 30 hard tissue samples unsuccessfully examined using the protocol for a commercially available AmpFLSTR Yfiler Kit. This protocol had produced unsatisfactory results for at least 7 of the 16 loci. Figure 4 shows the results of our analysis of the degraded DNA samples. Only 8 alleles were successfully typed using the AmpFLSTR Yfiler Kit; in contrast, the present systems proved able to detect all alleles and define the haplogroup. Table 2 presents the results of our analysis. The present systems proved capable of classifying 29 of 30 degraded DNA samples previously examined unsuccessfully using the AmpFLSTR Yfiler Kit. We also used the three systems to analyze an artificially degraded DNA sample (Table 3 ). In tests of degraded DNA digested with DNase, typing had failed for more than half the loci. In contrast, the present systems also proved effective with these degraded samples (Supplementary data 3) .
Discussion
STR and SNP analyses have become essential tools for determining personal identity based on biological samples. Current research is especially active in the area of autosomal and Y chromosome STRs and SNPs [22] [23] [24] [25] [26] [27] . We configured three systems to perform simultaneous analysis of biallelic markers on the Y chromosome that classify haplogroups in the Japanese population and began by evaluating the performance of our systems with Japanese haplogroup classification. We applied the newly devised mini Y chromosome SNP multiplex PCR systems to the analysis of samples from 432 Japanese men. The results indicated frequencies of major haplogroups consistent with those found in previous studies [18] [19] [20] [21] . For 0.9% of the Japanese population, we failed to discover any mutations using our three Y chromosome SNP analysis systems. These samples appear to belong to haplogroups I and R [11] . The haplogoup D lineage occurs most frequently in Central Asia and in Japan; the haplogroup D2 lineage is rarely found outside Japan [11] . In this survey, all haplogroup D instances belonged to haplogroup D2, while the frequencies of subhaplogroups D2*, D2a1*, and D2a1b showed no significant differences from previous reports and fine classifications, suggesting that System 2 may be very useful in subdividing the Japanese haplogroup D2 population. Where further classification is required, IMS-JST022456 may help define the subclades of haplogroup D2 [20] .
Haplogroup O, the most prevalent haplogroup in Japan, was divided by System 1 and further divided by System 3. In System 1, 21.3% of samples branched into haplogroup O3. Using System 3, we demonstrated that haplogroup O2 branched into haplogroup O2b (32.2%). Haplogroups O2b and O3 accounted for more than half the Japanese population. Introducing still another system to subdivide haplogroups 2b and O3
should make it still more useful for personal identification. Reports indicate many individuals in the Japanese haplogroup O2b have the 47z mutation (haplogroup O2b1) [11, 25] . Additionally, the Japanese haplogroup O3 can be divided into further subgroups [27, 28] .
We found that haplogroup O accounted for 59.0% of the samples; haplogroup D for 30.3% of the samples;
and haplogroup C for 8.3%. Several studies indicate haplogroups C, D, and O are found in more than 95%
of the East Asian population [18, 28] , but at differing proportions from country to country. Japan features high proportions of haplogroup D, while South Korea features high proportions of haplogroup C [28].
Genetic differences between East Asians are also evident in mitochondrial DNA haplogroups.
Mitochondrial DNA is an excellent tool for forensic genetics due to the high copy numbers per cell and maternal inheritance. Certain mitochondrial haplogroups, such as M7a and N9b, occur frequently in the Japanese population but are rarely encountered in other East Asian populations [29] . Using mitochondrial and Y chromosome SNPs, we can exploit these differences to categorize East Asian populations into the appropriate haplogroups. Electropherograms for 9948 DNA obtained using the present SNP systems. 
